Figure S1 | In situ TEM setup and connection test. a, Schematic of the TEM specimen configuration inside the electrical probing holder. b, TEM images of a connection test. The measured current is indicated in the upper right corner. c, I -V curve after establishing a good contact between the top and bottom electrode.
-Supplementary Information -I. Electric probing inside the TEM
For in situ TEM and STEM-EELS analysis, the cross-sectional specimen was mounted on a half TEM Cu grid inside a piezo-controlled electrical probing holder (Fig. S1a ). Voltage-driven O 2migration in the layer structure was monitored by spatially resolved STEM-EELS after applying negative and positive bias voltages to the top electrode. The bottom electrode, which was contacted by silver paste to the half Cu grid, was grounded. To ensure good electrical contact between the Pt/Ir tip and the top electrode, connection tests were performed using a small bias of -0.2V (Fig. S1b ). During these tests, the current between the top and bottom electrode was monitored while the tip moved towards the specimen. The piezo-controlled approach was halted once a sudden increase of current was measured. Contact between the Pt/Ir tip and the sample resulted in a slight bending of the specimen, but this did not affect the structural integrity of the layers. Figure S1c shows a typical I -V curve of the in situ measurement geometry after a stable contact between tip and sample was established. 
IV. Magnetic Anisotropy Energy
The magnetic properties of Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdO x (3 nm) films were characterized by vibrating sample magnetometry (Fig. S4) . The films exhibited an in-plane saturation field H k of ~10 kOe and a saturation magnetization M s of ~1300 emu/(cm 3 of Co) which suggests minimal Co oxidation during growth of the GdO x overlayer. The uniaxial magnetic anisotropy K u = (H k M s )/2 of the Co film is then 6.5 10 6 erg/cm 3 and the interfacial magnetic anisotropy K s = (K u +2M s 2 )d Co , with d Co being the Co film thickness, is ~1.5 erg/cm 2 .
We estimate a lower limit of the reduction in interfacial magnetic ansitropy ΔK S after gate voltage application, during the progression between Figs. 2g to 2j in the main text, after which PMA is lost, to be ΔK S = 0.6 erg/cm 2 . We arrive at this estimate by using ΔK S = ΔK u d Co = ΔH k M S d Co /2 with the assumption that the voltage-induced changes to M s are negligible. With ΔH k = 10600 Oe being the sum of the initial in-plane saturation field of ~10k Oe (Fig. 2g ) and
the lower limit of the out-of-plane saturation field of 600 Oe (limited by our electromagnet) after voltage application ( Fig. 2j ).
Figure S4 | Vibrating sample magnetometry.
In-plane and out-of-plane hysteresis loops of Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdOx(3 nm) film measured by vibrating sample magnetometry. 
SUPPLEMENTARY INFORMATION

VI. Fast Anisotropy Switching by Voltage Pulsing
The modifications of magnetic anisotropy shown in Figs. 2 and 3 of the main text require bias dwell times on the order of tens or hundreds of seconds. In general it can be expected that increases in electric field and operational temperature result in a super-exponential decrease in switching times. S4 Here we demonstrate that similar modifications can be achieved within milliseconds by using larger amplitude voltage pulses at elevated temperature.
Using the Pt/Co/Gd/GdO x sample shown in Fig. 3c of the manuscript we show in Fig In Fig. 4 of the main text, we examined voltage-induced anisotropy switching in Ta(4 nm)/ Pt(3 nm)/Co(0.9 nm)/GdO x (3 nm) films with thin Ta(1.5 nm)/Au(5 nm) electrodes directly deposited on the films through a shadow mask. As described in the main text, these electrodes show nanoscale porosity over a ~10 µm wide area around the electrode edge, due to the thickness gradient that results from shadowing effects during deposition. This significantly increases the lateral extent of the triple phase boundary, which is the boundary where gas-phase, electrode and electrolyte coincide and ionic exchange is most efficient. S5,6 Initially the samples show square out-of-plane hysteresis loops with a remanence to saturation magnetization ratio M r /M s = 1 and a coercivity H c ≈ 250 Oe, everywhere, and these properties remain unchanged after prolonged exposure to atmosphere under ambient conditions. However, after depositing the gate electrodes on the films, and again exposing the samples to ambient, we observe a time evolution of the magnetic properties in the vicinity of the electrode edge. Figure   S7a shows Ta/Au electrode overlayer. However, PMA is clearly lost at the electrode edge, as evidenced by the hysteresis loops in Fig. S7c ,f. We also note a gradual reduction in H c at the electrode center, which is considerable after 118 h in the hysteresis loop in Fig. S7g . However, since the initialstate coercivity corresponds to the domain wall nucleation field threshold, the reduction in H c near the electrode center is likely due not to a local reduction of PMA there, but rather a reduction in the nucleation field near the electrode edge so that H c near the center reflects the domain wall propagation field, which is lower in these films than the nucleation field. S1,3
The reduction in PMA near the electrode edge is consistent with the effects of overoxidation of the Co at the Co/GdO x interface, which occurs in Fig. 2 of the main text after negative bias application. We suggest that this behavior indicates that there is spontaneous oxidation of the Co film localized near the electrode perimeter. The fact that a positive bias voltage applied to the gate electrode, which should drive O 2away from the Co layer, fully restores PMA to this region ( Fig. 4e ,g in the main text), supports this interpretation.
As noted in the main text, similar films without Au electrodes have been found to remain stable under ambient atmosphere exposure for at least two years. Therefore, it is quite surprising that adding a porous Au layer on top of the GdO x leads to spontaneous oxidation over such a short timescale. We suggest that the behavior observed here indicates that the oxygen affinity of the 
VIII. Local Magnetic Anisotropy Probed by Polar MOKE
In the main text, out-of-plane hysteresis loops were measured via the polar magneto optical Kerr effect (MOKE) and the remanence to saturation magnetization ratio M r /M s was taken as a qualitative measure of perpendicular magnetic anisotropy (PMA) and its variations with film structure and voltage application. Here we describe a MOKE-based technique that we have developed to measure the anisotropy field H k that provides direct, quantitative and local access to perpendicular magnetic anisotropy. In contrast to the vibrating sample magnetometry (VSM) measurements shown in Fig. S4 , this MOKE-based technique has the advantage of spatial resolution, allowing local probing of H k and therefore PMA with micrometer resolution, e.g., in the vicinity of localized electrodes. We describe the technique in this section and then apply it to study in detail the nonmonotonic anisotropy transition described in the main text and in Fig. 3 .
A schematic of the experimental setup and a representative measurements are shown in Fig.   S8 . The setup is designed for samples with PMA, i.e. uniaxial magnetic anisotropy with an easy axis perpendicular to the film plane. A focused laser with a ~3 µm diameter probe spot is positioned on the area of interest and used to locally probe M z , i.e. the out-of-plane magnetization component, via polar MOKE. We then exploit the high-sensitivity of the polar MOKE signal to measure M z versus a hard-axis field H x , to determine the anisotropy field H k .
In order to enhance the signal to noise ratio, we apply a periodic waveform of positive and negative perpendicular field pulses H z with a small air coil (Fig. S8b ) and measure the polar MOKE signal using a lock-in amplifier phase-locked to the H z drive waveform. This signal is measured continuously while an in-plane field H x is slowly swept. As long as Hx is below a sample-dependent threshold, magnetic hysteresis loops have unity M r /M s , (Fig. S8d) , so that the 
IX. Nonmonotonic Anisotropy Transition and Polarity Dependence of Voltage
Response
In the main text (see Fig. 3 ), magnetic anisotropy is correlated with the position of the oxidation front in Co/Gd/GdO x samples. For this purpose, Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/ Gd(d)/GdO x (30 nm) films with Gd spacer thicknesses d = 0.0, 0.3, 0.7, 1.0 and 3.0 nm were deposited to control the distance between Co and the Gd/GdO x interface. In the main text, hysteresis loops and the remanence to saturation magnetization ratio M r /M s are used to assess magnetic anisotropy. In this section, we use both vibrating sample magnetometry (VSM) and the MOKE technique described in Fig. S8 to directly access the anisotropy field H k and its variation with applied voltage. In particular, we investigate how the voltage response depends on the initial position of the oxidation front in the Co/Gd/GdO x stack. 18 From the discussion in the main text (see Fig. 1 and 2) , it is also known, that if the Co layer itself is oxidized, perpendicular magnetic anisotropy (PMA) decreases rapidly and eventually disappears completely with increasing oxidation. Taking d to be more generally the distance between the Co layer and the metal/metal-oxide interface, this then corresponds to d < 0. This allows us to extend schematically the dependence of magnetic anisotropy on the position of the oxidation front in Co/Gd/GdO x , which is illustrated by dashed and solid blue lines in Fig. S9a .
Based on the full dependence of PMA on the position of the oxidation front in Co/Gd/GdO x , we consider here the voltage response at different starting points for d, which correspond to different points along the anisotropy transition in Fig. S9a . From the discussion in the main text, it is expected that negative gate voltage V g drives the oxidation front closer to the Co layer whereas positive V g drives it further away, corresponding to decreasing and increasing d, respectively. Therefore, it can be anticipated that the sign of the magnetoelectric response should itself depend on the starting state: it can be either positive or negative depending on the local 19 slope of H k versus d, and even change sign during voltage application if V g is sufficient to drive the system through the maximum or minimum of H k versus d in Fig. S9a .
We first consider again the Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/Gd(0.7 nm)/GdO x (30 nm) sample described in the main text in Fig. 3 , where the relevant hysteresis loops are reproduced in Fig.   S10a-d . The PMA of the as-deposited sample (Fig. S10c) is near the minimum of H k versus d in In Fig. S11 , we show that the voltage response is nonmonotonic also in the low-d regime in the vicinity of the anisotropy maximum in Fig. S9a . Here, we focus on the Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdO x (3 nm) films with thin Ta/(1.5 nm)/Au(5 nm) electrodes described in it is possible to examine initial states corresponding to d  0 and d < 0 (i.e., partially oxidized Co) using the same device, simply by probing the voltage response either at the electrode center or the electrode edge, respectively.
The electrode center initially exhibits PMA with square out-of-plane hysteresis loops, similar to the ones shown in Fig. S7g . Fig. S11c shows results of a local anisotropy measurement at the electrode center using the MOKE technique described in Section VIII. The fit to these data using Eq. S1 yields H k = 14 kOe. In the virgin state, the electrode center region is therefore near the peak in H k versus d in Fig. 9a , where d  0. Thus both positive and negative V g should cause a reduction of PMA and H k if applied for a sufficiently long time that the system is driven to one side or the other of the anisotropy maximum. 23 polarity, dropping to H k = 6500 Oe in the positive bias case (Fig. S11d) and to H k = 700 Oe in the negative bias case (Fig. S11e) . Therefore, under both bias polarities, which should either drive O 2into the Co layer or drive the oxide boundary away from the Co layer, the PMA eventually declines. This behavior is indicated schematically in Fig. 9a by the black arrow near d=0.
Finally, in Fig. S11b , we perform measurements similarly to those in Fig. S11a, but examining the room temperature response of M r /M s near the electrode edge. Here, the initial state corresponds to an oxidized Co layer with d < 0, as described in Section VII. The hysteresis loop in the initial state is similar to that in 
X. Laser-Definition of Domain Wall Nucleation Sites
Here we describe in more detail the laser-assisted magnetic anisotropy patterning presented in the main text. On Ta(4 nm)/Pt(3 nm)/Co(0.9 nm)/GdO x (3 nm) films with 200 µm wide GdO x (30 nm)/Ta(2 nm)/Au(12 nm) gate electrodes, a gate voltage V g = -3 V is applied to create a potential well at the perimeter of a gate electrode which isolates the electrode area from DW motion in the rest of the Co film. In order to create a DW nucleation site inside the electrode area, magnetic anisotropy in the centre of the electrode is reduced by exposing it for 100s to a 3 µm diameter laser spot with an incident power P = 10 mW while a bias of V g = -3 V is applied at room temperature (see Fig. 5b in the main text). To elucidate the individual roles of V g and P we create a laser-induced DW nucleation site in one corner of an electrode, and then place the laser spot in the diagonally opposite corner (see Fig. S13a ). H c is then determined by the field necessary to propagate DWs from one corner of the electrode to the other. Figs. S13b-d show H c as a function of V g at P = 1 mW and P = 10 mW. At P = 1 mW (Fig. S13b) , H c follows the applied voltage with modifications of ~1 Oe/V and returns close to its initial value at zero bias. This volatile and weak voltage response is consistent with the influence of electric-field-induced charge accumulation on the DW propagation field, and shows that the small ΔT at P = 1 mW is not sufficient to facilitate voltagedriven O 2migration and the associated nonvolatile PMA changes. 
